Abstract. It is a common procedure to describe the fission-fragment mass distributions of fissioning systems in the actinide region by a sum of at least 5 Gaussian curves, one for the symmetric component and a few additional ones, together with their complementary parts, for the asymmetric components. These components have been attributed to the influence of fragment shells, e.g. in the statistical scission-point model of Wilkins, Steinberg and Chasman. They have also been associated with valleys in the potential-energy landscape between the outer saddle and the scission configuration in the multi-channel fission model of Brosa. When the relative yields, the widths and the mean mass-asymmetry values of these components are fitted to experimental data, the mass distributions can be very well reproduced. Moreover, these fission channels are characterised by specific values of charge polarisation, total kinetic energy and prompt-neutron yields. The present contribution investigates the systematic variation of the characteristic fission-channel properties as a function of the composition and the excitation energy of the fissioning system. The mean position of the asymmetric fission channels in the heavy fragment is almost constant in atomic number. The deformation of the nascent fragments at scission, which is the main source of excitation energy of the separated fission fragments ending up in prompt-neutron emission, is found to be a unique function of Z for the light and the heavy fragment of the asymmetric fission channels. A variation of the initial excitation energy of the fissioning system above the fission saddle is only seen in the neutron yield of the heavy fragment. The charge polarisation in the two most important asymmetric fission channels is found to be constant and to appreciably exceed the macroscopic value. The variation of the relative yields and of the positions of the fission channels as a function of the composition and excitation energy of the fissioning system obey a hidden systematics that can be explained by the number of states in the vicinity of the outer fission barrier as a function of mass asymmetry, if the potential is constructed as the sum of the macroscopic contribution of the compound nucleus and empirically determined fragment shells. This hidden systematics also explains the transition from asymmetric to symmetric fission around 226 Th and around 258 Fm.
Introduction
In the theory of fission, important progress has been made. The potential-energy surface of the fissioning systems has been systematically mapped with shell-model calculations in five-dimensional deformation space [1] . Stochastic methods [2] [3] [4] and self-consistent microscopic approaches [5] have a e-mail: schmidt-erzhausen@t-online.de This is an Open Access article distributed under the terms of the Creative Commons Attribution License 2.0, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Figure 1.
General view on the systems for which mass or nuclear-charge distributions have been measured. The distributions are shown for 12 selected systems. Blue circles (blue crosses): Mass (nuclear-charge) distributions, measured in conventional experiments [8, 9] and references given in [7] . Green crosses: Nuclear-charge distributions, measured in inverse kinematics [7] .
been developed for dynamical calculations of low-energy fission. However, these calculations still face severe restrictions that are caused by the lack of suitable theoretical formalisms. The theoretical understanding of the fission process cannot fully rely on the powerful standard methods conceived for describing static nuclear properties; it still requires developing new methods for modelling nonequilibrium processes in nuclei, see e.g. [6] . Thus, the theoretical description of the fission process with microscopic models is still very difficult. In addition, these models suffer from their tremendous demand on computing power, restricting severely the number of degrees of freedom to be investigated.
In this situation, it is still promising to analyze the experimental findings by establishing systematic trends, by exploiting gross relations and by applying general laws of physics like the statistical model and statistical mechanics. In particular, the separability principle, an application of the macroscopicmicroscopic approach that exploits specific quantum-mechanical properties of a di-nuclear system reveals the presence of a hidden systematics that was not recognized before. Figure 1 gives an overview on the measured mass and nuclear-charge distributions of fission products from low-energy fission. Fission of target nuclei in the actinide region, mostly induced by neutrons, shows predominantly asymmetric mass splits. A transition to symmetric mass splits is seen around mass 258 in spontaneous fission of fusion residues.
Experimental systematics of fission-fragment yields
Electromagnetic-induced fission of relativistic secondary beams covers neutron-deficient nuclei from mass 204 to mass 234 [7] . A transition from asymmetric to symmetric fission occurs around mass 226. A pronounced double-humped structure close to symmetry appears in 201 Tl [8] and in 180 Hg [9] . Also other nuclei in this mass region show similar features [10] .
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Fission 2013 Bohr and Wheeler [11] explained the phenomenon of nuclear fission within the liquid-drop model by the influence of the Coulomb repulsion in heavy nuclei that favours elongated shapes and, finally, the separation into two fragments of predominantly equal size. In light nuclei, the surface energy dominates, and the conditional liquid-drop fission barrier is highest for symmetric splits, while in heavy nuclei, the Coulomb energy is decisive, and the conditional liquid-drop barrier is lowest for symmetric splits [12] . This transition occurs near Z 2 /A = 22 [13] . In the liquid-drop approach, the predominant asymmetric mass division in the fission of the actinides cannot be explained. Maria Goeppert-Maier [14] traced the asymmetric fission back to nuclear shell effects, in particular to the stabilizing influence of the 50 proton shell and the 82 neutron shell that coincide in the spherical doubly magic 132 Sn. The existence of shell effects in deformed nuclei, which play an important role in nuclear fission, later evidenced by the existence of shape isomers [15] and shell-stabilized strongly deformed fragments at scission [16] , was introduced by S. G. Nilsson [17] .
Symmetric and asymmetric fission

Size of the heavy fragment in asymmetric fission
In the range where asymmetric fission prevails, e.g. from 227 Ra to 256 Fm, the light and the heavy fissionproduct components gradually approach each other with increasing mass of the fissioning nucleus, see Figure 1 . A quantitative analysis reveals that the mean mass of the heavy component stays approximately constant [18] at about A = 140. This has been explained by the influence of a deformed ( ≈ 0.6) fragment shell at N = 88 and the spherical shell at N = 82 [16] , suggesting that the position of the heavy fragment is essentially constant in neutron number.
New data on Z distributions over long isotopic chains [19] , however, reveal very clearly that the position in neutron number varies systematically over more than 7 units, while the position in proton number is approximately constant at Z = 54, see Figure 2 . The rather short isotopic sequences covered in former experiments did not show this feature clearly enough and gave the false impression of a constant position in mass, although indications for a constant position in Z in proton-induced fission have already been deduced previously [20] . This finding represents a severe puzzle to theory, since shell-model calculations [16, 22] do not show any shell stabilization near Z = 54 at a deformation of ≈ 0.6, which is suggested by the mass-dependent prompt-neutron yields, see below.
Separability principle
Ordering schemes, systematics and semi-empirical models are powerful approaches for advancing our understanding of complex phenomena in nature. In nuclear fission great progress has been made by introducing the general concept of fission channels [23] . It established a link between the observed characteristics, e.g. in fission yields and kinetic energies, and the properties of the potential-energy surface of the fissioning system. However, it did not allow for quantitative predictions. The theoretical description of nuclear fission, in particular at low excitation energies with its rich manifestation of nuclear-structure phenomena is still a challenge. At present, one is restricted to purely empirical models (e.g. [24] ) for a good quantitative description of the data in their full complexity. The microscopic-macroscopic approach has proven to be very useful for calculating nuclear properties, in particular in applications to fission [25] . The early influence of fragment shells on the fission path, revealed by two-centre shell-model calculations [26] , makes its application to fission even more powerful. It means that the microscopic properties of the fissionning system are essentially determined by the shells of the fragments, and only the macroscopic properties are specific to the fissioning system [27] . Figure 2 . Mean neutron and proton number of the heavy component in asymmetric fission in the actinide region from thorium to einsteinium. The lines connect the data for a fixed element. The values were deduced from measured mass and nuclear-charge distributions using the semi-empirical GEF code [21] for the correction of charge polarization (the deviation of the N/Z ratio of the primary fragments before emission of prompt neutrons from the N/Z value of the fissioning nucleus) and prompt-neutron emission. Open symbols denote results from conventional experiments, full symbols refer to an experiment with relativistic projectile fragments of 238 U [7] . (See [19, 21] for references of the underlying experimental data.) This "separability principle" was exploited in the GEF code [21] , which relies on an empirical description of the macroscopic stiffness parameters in the relevant normal modes [28] (excitations perpendicular to the fission path) and empirically deduced fragment shells. They are valid for all fissioning systems. Figure 3 demonstrates that the mass distributions over a large range of systems can be described very well with the same parameter set. The yields of the different fission channels and their mass widths are determined by the populated states of the quantum oscillators in the different fission valleys, which are assumed to be in thermal equilibrium. The properties of the nuclear heat bath are determined by the available excitation energy above the potential-energy surface and the nuclear level density. All calculations were performed with the same set of model parameters. The stiffness of the macroscopic potential against mass-asymmetric distortions was assumed to be a unique function of the fissility parameter. The function was taken from ref. [10] . The positions of the fission valleys were taken from the systematics shown in Figure 2 . A unique set of the magnitudes of the shell effects that form the fission valleys and the stiffness parameters in mass-asymmetric distortions were deduced from a global fit of measured mass distributions. The variations of the fission-channel yields are caused by the interplay of the macroscopic and the microscopic features of the potential for different fissioning systems.
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Conclusion
The potential-energy landscape of the fissioning systems is governed by astonishingly simple general features. Its global trends and underlying systematics are hardly directly visible in the data. The parameters that describe the population of the quantum oscillators in mass asymmetry are directly related to physical quantities, like the height of the mass-asymmetry-dependent outer potential barrier, the shell-correction energy and the properties of the normal modes beyond the outer barriers as well as the energy-dependent level-densities for the different fission channels.
